significant QTL were validated across multiple breeding populations, with 22 conferring resistance at both seedling and adult plant growth stages. The remaining 7 QTL conferred resistance at either seedling (2 QTL) or adult plant (5 QTL) growth stages only. These 29 QTL represented 24 unique genomic regions, of which five were found to co-locate with previously identified QTL for SFNB. The results indicated that SFNB resistance is controlled by a large number of QTL varying in effect size with large effects QTL on chromosome 7H. A large proportion of the QTL acted in the same direction for both seedling and adult responses, suggesting that phenotypic selection for SFNB resistance performed at either growth stage could achieve adequate levels of resistance. However, the accumulation of specific resistance alleles on several chromosomes must be considered in molecular breeding selection strategies.
Introduction
Net blotch, caused by Pyrenophora teres Drechsler [anamorph Drechslera teres (Sacc.) Shoem], is an important foliar disease of barley (Hordeum vulgare) worldwide (Liu et al. 2012; McLean et al. 2009 ). Infection with net blotch results in economic loss through reduced thousandkernel weight and test weight (Mathre 1997) . Based on the type of leaf lesion, net blotch has been divided into two forms: spot form of net blotch (SFNB, also referred to as spot type net blotch), caused by Pyrenophora teres f. maculata (Ptm), and net form of net blotch (NFNB), caused by Pyrenophora teres f. teres (Ptt) (Smedegård-Petersen 1971) . Both diseases over-season on infected stubble and have increased globally with the adoption of reduced or conservation tillage practices and increased frequency of barley cropping (McLean et al. 2009 ).
3
SFNB is considered a significant foliar disease of barley crops in America, Australia, Canada, Denmark, Finland, Hungary, Morocco, Norway, South Africa, Tunisia and Turkey (McLean 2011) . Recent changes in the distribution of SFNB within countries have been observed. For instance in Australia, SFNB was first recorded in Western Australia in 1977 (Khan and Tekauz 1982) ; however, it is now present throughout all barley growing regions in Australia (Hollaway and McLean 2006; McLean et al. 2010; Platz and Usher 2006) . Yield losses caused by SFNB have become increasingly severe in recent years (Liu et al. 2012) . Potential average annual losses to SFNB have been estimated at AUD$192 million in Australia (Murray and Brennan 2010) .
Even though SFNB can be managed by application of fungicides and cultural practices, the most cost-effective, practical and environmentally sustainable measure to reducing the impact of this disease is through the use of genetically resistant cultivars (McLean et al. 2009; Zhou and Steffenson 2013a) . QTL conferring resistance to SFNB have been mapped on all chromosomes in barley (Cakir et al. 2011; Friesen et al. 2006; Grewal et al. 2008 Grewal et al. , 2012 Manninen et al. 2006; Molnar et al. 2000; Williams et al. 1999 Williams et al. , 2003 ; however, all of these studies have used populations derived from bi-parental crosses. Considering the limitations of bi-parental mapping studies to identify multiple resistance alleles, a more efficient and powerful approach for mapping resistance loci is via association mapping (AM) using elite breeding materials. This removes the necessity for constructing large bi-parental populations and hence provides a vehicle for incorporating marker technologies into applied breeding programmes by bridging the gap between development and implementation. AM facilitates the discovery of QTL and possibly the casual polymorphism within the gene responsible for alternative phenotypes (Zhou and Steffenson 2013b) . While AM has been applied to determine the underlying loci controlling resistance to spot blotch (Roy et al. 2010; Zhou and Steffenson 2013b) , Septoria speckled leaf blotch (Zhou and Steffenson 2013a) , powdery mildew (Hickey et al. 2012) , and leaf rust (Hickey et al. 2011; Ziems et al. 2014) , no studies report the application of AM to dissect the genetics of SFNB resistance in barley.
This study reports on a large-scale analysis of the genetic architecture of resistance to SFNB in seedling and adult plants using an AM approach in elite Australian barley breeding germplasm, which was generated from parental lines originating from Australia, Canada, China, Czech Republic, Ecuador, England, Germany, Japan, Mexico, New Zealand, Syria, Uruguay and the USA. Using globally diverse but related germplasm should greatly improve the breadth and depth of understanding this important trait. Furthermore, our results are integrated with those of previous SFNB studies, providing information that can be used by barley breeders to design selection strategies appropriate for development of cultivars with resistance to SFNB.
Materials and methods

Association mapping populations
The panel used in this AM study consisted of four tworowed spring barley breeding populations of the Northern Region Barley Breeding Program (NRBBP) in Australia, totalling 898 unique lines, with 60 lines (i.e. 7 %) in common across the four populations. A list of all lines in the four breeding populations has been presented in supplementary Table S1 To enhance diversity in the material being studied, individuals of the four populations originated from, or were progeny from parental lines from, Australia, Canada, China, Czech Republic, Ecuador, England, Germany, Japan, Mexico, New Zealand, Syria, Uruguay and the USA. As the individuals from the four breeding populations were all derived from a single breeding programme, they have high levels of relatedness and shared parentage (ESM Figure S1 ).
Phenotyping seedlings for resistance
Seedlings were grown in the glasshouse at HRF. Five to seven seeds per line were sown per pot and fertilized twice weekly after emergence. Screening was conducted at HRF using field-collected conidia of two isolates of Ptm: SNB331 (only for seedling assessment in 2009) and SNB320, to represent virulences of Ptm common within the region.
Inoculation was performed at the two-to three-leaf stage (12-15 days after sowing). BP1 was inoculated with isolate SNB331 applied at 2 ml pot −1 in an aqueous suspension of 10,000 conidia ml −1 through a commercial airless spray gun (Krebs Model 25T). After inoculation, plants were immediately placed in a fogging chamber at 100 % relative humidity at 19 °C for 24 h, with the first 14 h in darkness, then transferred to a growth room maintained at a temperature of 24/14 °C (day/night) under a 12-h photoperiod for disease development. Infection type on the second leaf was recorded 10 days after inoculation.
BP2, BP3 and BP4 were inoculated with isolate SNB320 at 3 ml pot −1 using a suspension of 6,667 conidia ml
through a gravity-fed, compressed air spray gun (Will Wick ® Model H828W). Plants were inoculated and maintained in the glasshouse at 25/14 °C (day/night) until infection type was scored 11 days later. Infection types on the blade of second leaves were recorded using a 1-9 scale, where 1 and 9 indicate highly resistant and highly susceptible disease responses, respectively (Cakir et al. 2011 ). Entries were not replicated in 2009 (BP1), but were replicated twice in 2011 (BP2), 2012 (BP3) and 2013 (BP4).
Phenotyping adult plants for resistance
For each entry, 15-20 seeds were sown as hill plots in rows with in-row spacing of 50 cm and 76 cm between rows. Spreader rows (4 in 2009; 5 in 2011, 2012, and 2013) of the susceptible cultivar Dash were sown 2-3 weeks before the plots, parallel to and 76 cm from the data rows, so that each row of plots was 76 cm from the nearest spreader row. Treatments were sown in a randomised complete block design with two replicates for all four breeding populations.
Epidemics were initiated by spreading fresh plant material infected with isolate SNB320 over the susceptible spreader rows. Disease development was promoted with sprinkler irrigation applied in late afternoon when temperatures were favourable for disease and high humidity and low wind were forecasted (Ziems et al. 2014) . After the epidemics were sufficiently developed to give good differentiation, line reactions were assessed on leaf blades based on whole plots using a 1-9 response scale during the secondary growth stages between 58 (emergence of inflorescence completed) and 75 (medium milk) (Zadoks et al. 1974 ).
Genotyping
DNA from mixed leaf blade tissue of 30 seedlings of each barley line was extracted using procedures recommended by Diversity Arrays Technology (Yarralumla, ACT 2600, Australia; http://www.diversityarrays.com) and sent to the company for genotyping. For BP1 and BP2, 368 and 155 lines were genotyped using the Barley PstI (BstNI) v 1.7 array, respectively, which in turn provided a total of 1,601 high-quality polymorphic DArT markers (1,411 for BP1 and 1,159 for BP2). BP3 (133 lines) and BP4 (248 lines) were analysed using the DArTseq genotyping-by-sequence (GBS) platform and resulted in a number of 10,608 highquality polymorphic SNP markers.
Analysis of phenotypic data
For all experiments, except for seedling phenotypes for BP1, a linear mixed model was fitted to the raw data with genotypes as a fixed effect and replicates as random effects. ASReml-R (Butler et al. 2009 ) used the residual maximum likelihood (REML; Patterson and Thompson 1971) algorithm to provide best linear unbiased estimates (BLUEs) as the predicted values for the breeding lines. Experiments within BP1 and BP2 were analysed as separate trials due to non-congruence of genotypes within those experiments. The four experiments in BP3 and BP4 (seedling and adult screenings) were combined and analysed using a fixed effect for experiment by genotypes interaction.
Association mapping and analysis of linkage disequilibrium
The SFNB predicted BLUEs were used for AM for the latter three breeding populations (BP2-BP4) and for adult plant phenotypes of BP1. Missing values were assigned to lines displaying a mixed disease response. A Linear Mixed Model (LMM) implemented in GenStat 16th edition (VSN International 2011) was applied to investigate correlations between DArT markers and seedling or adult resistance to Ptm. The method employed was as described in Ziems et al. (2014) . The population structure was investigated using principal component analysis (PCA) and accounted for using the eigenanalysis relationship model. The Wald statistical test was used for each marker to test the null hypothesis that the marker's effect was zero. A threshold of p < 0.05 was used as an initial threshold to identify significant marker-trait associations in BP1 and BP2. AM was then conducted on the BP3 and BP4 validation sets, with an initial threshold of p < 0.05 applied as previously, and the results combined across all four independent populations. To avoid the potential for false positives while maintaining power, QTL were reported only for genomic regions identified in at least two out of four populations, for both seedling and adult plant assessments separately.
Additionally, linkage disequilibrium (LD) decay was determined in the four germplasm sets, using the eigenanalysis relationship model in GenStat 16th edition, both genome-wide and at specific QTL.
A linear mixed model was fitted containing simultaneous random effects for all markers (Smith 2011; Verbyla et al. 2007 ). Further models were fitted where highly significant markers were considered as fixed effects. An optimal model was achieved when the set of markers in the fixed part of the mixed model accounted for all of the marker variation in the random part of the model. The resulting set of uncorrelated fixed markers was considered as the final set of QTL regions.
Projection of QTL onto an integrated consensus map
Data on SFNB resistance QTL were collated from eight publications. Details of the QTL are provided in Table 1 , including population pedigree, population size, number of QTL identified for seedling and adult resistance, number of QTL projected onto the consensus map used for this study and analysis method implemented. In total, 13 doubledhaploid (DH) populations were investigated across the eight mapping studies.
An integrated consensus map was constructed by Ziems et al. (2014) following the method described in Mace et al. (2009) by projecting additional DArT markers onto the consensus map (Wenzl et al. 2006 ) using bridge markers. After integrating an additional 519 DArT markers from the ND19119-5/PI 642914 (W. Lawson, unpublished) and ND24260/Flagship (Hickey et al. 2011 ) genetic linkage maps to the barley DArT consensus map, a total of 3,476 DArT markers were positioned across the 7 chromosomes, spanning 1,417 cM with an average marker density of 0.41 cM per marker (Ziems et al. 2014) . The integrated consensus map was then used as the reference map for QTL projection through MapChart (Voorrips 2002) . The positions of QTL reported previously were projected onto the consensus map based on flanking markers in common between the individual studies and the integrated map. For cases where flanking markers were not present in the integrated map, their locations were projected based on common markers (Mace and Jordan 2011) . The confidence interval (CI) for projected QTL was calculated by applying the formulae CI = 530/(NR 2 ) for F 2 /DH populations (Darvasi and Soller 1997) . Only significant (p < 0.05) and highly significant (p < 0.01) QTL identified previously were projected onto the integrated consensus map (suggestive QTL were excluded).
QTL locations identified in the current study, in addition to those previously identified in the literature, were displayed using MapChart. Co-location of QTL between previous and the current studies was defined as 2 QTL either having overlapping confidence interval (CI) or the mean of the QTL being less than 10 cM apart. Additionally, QTL CI frequency graphs were generated for the two hot-spot regions on 6H and 7H, as described by Mace and Jordan (2011) . The values used in the production of the QTL CI frequency graph were the projected CIs around the LOD peak for each QTL. The frequency was calculated by summing the overlapping CIs in 1 cM intervals. QTL nomenclature QTL identified in the current study were named according to Grewal et al. (2008) with minor modifications. "QRptm" indicated a QTL for resistance to P. teres f. maculata, followed by "s" or "a" if effective only at seedling or adult plant stage, respectively, and followed by the barley chromosome on which the QTL was mapped. If there were several QTL detected on a chromosome, a number suffix was added.
Terminology
In this publication, seedling resistance denotes resistance observed on leaf blades at seedling stages of plant growth, while adult resistance is resistance observed on leaf blades at adult plant growth stages.
Results
Disease responses to SFNB
The mean disease response ratings to SFNB assessed at the seedling stage for the four trials ranged from 5.0 (BP4) to 5.9 (BP2) (Fig. 1) . In comparison, the mean disease response ratings of adult plants in the four trials ranged from 6.1 (BP4) to 6.8 (BP1). The correlation between seedling and adult plant responses to SFNB within each breeding populations was high (>0.6, p < 0.01), with the exception of BP1 where the correlation was lower, 0.46 (ESM Figure S2 ). Although many of the breeding lines exhibited disease response scores ≥6, lines with lower scores were identified in all four breeding populations (BP1-BP4) and offered a number of potential parental lines for use in breeding for SFNB resistance. In BP1, the number of lines with disease response scores ≤5 for seedling and adult plants was 149 (43.7 %) and 48 (12.0 %), respectively (ESM Table S2 ). In BP2, the number of lines exhibiting seedling and adult plant disease response scores ≤5 was 73 (39.3 %) and 37 (19.5 %), respectively. The proportion of lines with disease response scores ≤5 for seedlings increased slightly to 48.1 % (64/133) for BP3 and further increased to 65.3 % (162/248) for BP4, whereas approximately one-third of accessions displayed adult plant disease response scores ≤5 in both BP3 (i.e. 40 lines) and BP4 (i.e. 90 lines). The number of lines that displayed high seedling disease response scores, but low disease response scores at the adult plant growth stage was only 9, 7, 9, and 4 in BP1, BP2, BP3, and BP4, respectively. On the other hand, 98, 21, 33, and 76 lines displayed low seedling disease response scores yet high adult disease response scores in the four populations, respectively. There were 34, 37, 31, and 86 entries exhibiting low disease response scores across both seedling and adult plant growth stages in BP1, BP2, BP3, and BP4, respectively. The 60 genotypes in common across multiple years had similar ranking of disease response scores with limited re-ranking, e.g. correlation between the 32 genotypes in years 2011 and 2012 was 0.89 for both seedling and adult plants.
The heritability of disease response to SFNB at seedling and adult plant growth stages was calculated for all four populations, except for the seedling assay performed for BP1 which was unreplicated. Overall the heritability was very high across both seedling and adult plant assays, ranging from 0.82 to 0.94 across BP2, BP3, and BP4, with the exception of adult plant data collected for BP1 (i.e. 0.48; ESM Table S3 ).
QTL identification and validation
To avoid the potential for false positives while maintaining power, a detection and validation approach was used, where an initial significance threshold of p < 0.05 was used to detect QTL in BP1 and BP2, which were retained only if validated in at least two of the four independent populations. Given the independence of populations and experiments, this approach maintained power to detect associations while providing a strong protection against type 1 errors. Although population structure was accounted for using eigenanalysis, two approaches were used to investigate the potential for structure to modify results. Approach 1 involved conducting a principal component analysis on each of the four breeding populations (ESM Figure S3) , with only limited structure observed. Approach 2 involved generating a pedigree diagram of the populations showing the genealogical interrelationships between the lines in the four breeding populations (ESM Figure S1 ). Analysis of this graph showed the strong relatedness among the different breeding populations, but no major differences in the structure of the material except that resulting from selection during line development. The initial AM analysis, based on BP1 and BP2 only, identified a total of 35 significant genomic regions conferring resistance to SFNB at a threshold of p < 0.05 (ESM Table S4 ). Twenty-nine of these regions were further validated in BP3 and BP4 (Table 2 ; Fig. 2 ). The 29 QTL were identified on all seven chromosomes; however, they were not evenly distributed, with 8 QTL located on 7H and only 1 QTL (QRptm1-1) located on 1H. Eight QTL (i.e. 28 %) were identified across all four populations, with a further 18 QTL (i.e. 62 %) identified across three of the four populations. The majority of QTL (75 %) conferred resistance at both seedling and adult plant growth stages across populations; only five resistance QTL were unique for adult plants, while 2 QTL were unique at the seedling stage-one QTL on 2H (QRptms2-4) and the other on 3H (QRptms3-2). When considered in a single population, more than half (53-77 %) of the QTL conferred resistance as seedling and adult plants in BP2-BP4, with a slight difference observed in BP1, where only 2 QTL conferred a similar reaction pattern (ESM Table S5 ). In BP1, the largest allele effect at a specific locus for seedling resistance, based on seedling disease response score differences, contributed by highly significant QTL QRptm3-4, was 3.4 units on the 1-9 disease response scale, whereas the lowest significant allele effect was 2.5 units. In comparison, the significant allele effects at specific loci for adult resistance were much lower, ranging from 1.3 to 2.4 units on the 1-9 scale (Table 2 ). In BP2, the lowest Table 2 Summary of SFNB resistance QTL identified and validated at seedling and adult plant growth stages in the four populations (BP1-BP4) Additive effects are calculated as the difference between the effect of the "1" allele minus that of the "0" allele NS not significant * Significant at the level of 0.05 ** Highly significant at the level of 0.01 a QTL conferring resistance to SFNB at both seedling and adult plant stages are marked as S&A, while QTL conferring seedling or adult resistance only are marked as S or A, respectively b Estimated position based on the barley bin maps (Kleinhofs 2006) c Peak position in cM on the DArT consensus map d To avoid potential for false positives while maintaining power, QTL were reported only for genomic regions identified in a minimum of 2 out of 4 populations, for both seedling and adult plant assessments separately e Allele effects in BP3 and BP4 are not presented since small population sizes may result in inaccurate allele effect size in the two populations f Bold indicates a negative association between SFNB reaction and the positive allele at each locus, while non-bold indicates a positive association 
QTL projection onto the integrated consensus map
Eight previous studies identified 34 SFNB resistance QTL/ genes; 18 for seedling resistance, 13 for adult resistance and three for resistance at both seedling and adult plant growth stages (Table 1) . Of these, 28 QTL were successfully projected onto the integrated consensus map; 14 for seedling resistance, 11 for adult resistance and three for resistance at both seedling and adult plant growth stages. Two studies (Manninen et al. 2006; Molnar et al. 2000) had too few non-sequenced markers (AFLPs and RAPDs) in common with the integrated consensus map, thus were excluded from this analysis. Two resistance loci reported by Williams et al. (2003) were also not included for the same reason. Of these 28 projected QTL, 21 co-located with the 29 QTL identified in the current study (Fig. 2) , where colocation of QTL was defined as two QTL between the current and eight previous studies either having overlapping CI or the mean of the QTL being less than 10 cM apart. All 57 SFNB QTL represented 28 unique genomic regions, of which 19 were unique to this study, five co-located between the current and previous studies, and the remaining four were unique to previous studies (Cakir et al. 2011; Grewal et al. 2012; Friesen et al. 2006) . In particular, the highly significant genomic region identified on 7HL in the current study co-located with Rpt4, the gene previously reported by Williams et al. (1999) as conferring seedling resistance to SFNB. In the current study, the genomic region on 7HL which exhibited highly significant resistance in three of the four populations consisted of four separate QTL (QRptm7-4, QRptm7-6 to QRptm7-8), spanning a 36-cM region. Given the proximity of these regions and the potential for selection during the breeding process to create linkage blocks, there are several explanations for the clustering of the QTL Fig. 2 Projected QTL from the current study onto the barley consensus map and comparison with SFNB resistance QTL identified in previous studies. The scale bar to the left indicates the length of each chromosome in cM. Graphs to the right of chromosomes 6H and 7H represent QTL density (number of QTL per cM) reported by previous studies.
(1) Segments on chromosome represent the location of significant QTL at the level of p < 0.05 identified in this study. Black indicates QTL conferring resistance at both seedling and adult plant growth stages; red indicates QTL for adult resistance; pink indicates QTL contributing seedling resistance. Segments represent intervals between the first and the last markers showing significant associations with the corresponding QTL; thus, the segments of QTL (especially those on 2H and 7H) with large intervals are much thicker. (2) Seedling resistance QTL reported by Grewal et al. (2012) ; seedling resistance QTL reported by Grewal et al. (2008) ; seedling resistance QTL reported by Friesen et al. (2006) ; QTL conferring resistance at both seedling and adult plant growth stages reported by Grewal et al. (2008) ; seedling resistance QTL reported by Cakir et al. (2011) ; adult resistance QTL reported by Cakir et al. (2011) ; QTL conferring resistance at both seedling and adult plant growth stages reported by Cakir et al. (2011) ; Rpt4 conferring seedling resistance reported by Williams et al. (1999) ; seedling resistance QTL reported by Williams et al. (2003) ; adult resistance QTL reported by Williams et al. (2003) in this region. To further investigate this region, a mixed model containing random marker effects was fitted and modified to test the independence of marker-trait associations in this region (Smith 2011; Verbyla et al. 2007) . In this procedure, significant markers were sequentially transferred to the fixed part of the mixed model. If the linked markers were in LD with the same QTL, then making one marker linked to the same QTL into a fixed effect should reduce the significance of the other marker(s). This was not observed indicating that putative QTL were statistically independent, and all markers were required to explain the data. Further LD analysis was undertaken on the subset of markers at this location for each breeding population. Correlations between the 7HL QTL marker-subset were found to be very low, with LD <0.2 (ESM Figure S4) .
Discussion
This study investigated QTL conferring seedling and adult resistance to Pyrenophora teres f. maculata in four barley breeding populations, identifying and validating a total of 29 QTL across the barley genome. Of the 29 QTL, 22 exhibited resistance at both seedling and adult plant growth stages, while 5 QTL were associated with adult plant resistance and the remaining 2 QTL were detected at the seedling stage only. Although large effects QTL were located on 7H, it would be necessary to accumulate QTL on other chromosomes to achieve higher levels of resistance to SFNB. The study also provided evidence to support the concept that phenotypic selection for SFNB resistance at just one developmental stage could provide effective levels of resistance across growth stages.
Genetic architecture of SFNB resistance
In this study, a total of 29 QTL conferring SFNB resistance were identified across all seven chromosomes. By integrating these results with the 28 projected QTL from eight previous studies, 28 unique genomic regions were identified, indicating that the SFNB resistance is more complex than many previous studies suggest. It appears resistance is controlled by a large number of QTL that vary in effect size, with large effect QTL on 7H. Liu et al. (2011) and McLean et al. (2014) summarised that resistance to SFNB was contributed by major effect genes, along with minor effect QTL, with two named genes (i.e. Rpt6 and Rpt4) with large effects located on 5H and 7H (Manninen et al. 2006; Williams et al. 1999) and one unnamed major gene on 4H (Friesen et al. 2006) having been found to explain 64-84 % of the phenotypic variation individually. On the other hand, multiple minor QTL have been reported for this disease (Cakir et al. 2011; Grewal et al. 2008 Grewal et al. , 2012 Williams et al. 2003) , where the small effect QTL may contribute as little as 5 % of the phenotypic variation. However, since all eight previous studies used bi-parental populations with small numbers of individuals, it is likely that only a subset of the total number of resistance loci was identified. In contrast, AM, with the broad genetic base of the underlying population, provides an opportunity to uncover novel resistance genes and alleles which are not detectable in bi-parental populations.
Analysis of the distribution of previously reported QTL (Cakir et al. 2011; Grewal et al. 2008; Williams et al. 1999 Williams et al. , 2003 suggested that 7HL harbours a major QTL for SFNB resistance, as shown by CI frequency distribution on 7H (Fig. 2) . However, the subsequent AM in the four breeding populations indicated that the genetic architecture of this region is complex with 4 QTL (QRptm7-4, QRptm7-6 to QRptm7-8) within a 36-cM region displaying highly significant resistance in three populations. The result could be due to either the presence of multiple linked QTL, multiple alleles at a single QTL, as an artefact of the local population structure, or indeed some combination of the above. Analysis of LD in the region indicated that the QTL we detected were statistically independent and uncorrelated providing support for the hypothesis that the region contains multiple linked QTL. However, further dissection of the region from multiple source lines is required to confirm this and to help breeders formulate appropriate breeding strategies. For example, if multiple linked QTL are responsible then an approach to accumulate all of the favourable alleles may be warranted; whereas, if multiple alleles are involved, barley breeders will need to select the most effective alleles for a particular target environment.
The QTL allele effect size showed consistency at seedling and adult plant growth stages in both BP1 and BP2, with the QTL on 7HL having the largest allele effects for seedling and adult plant assessments in these two populations. The exception was QRptm3-4 which contributed the largest allele effect for seedling resistance in BP1. The highly significant QTL QRptm7-7 exhibited the largest allele effects of 3.8 and 4.4 units on the 1-9 scale rating at seedling and adult plant stages, respectively, in BP2. QRptm7-4 contributed large allele effects of 3.1 units for seedlings and 3.8 units for adult plants in BP1, while QRptm7-8 showed large allele effects of 3.1 units for seedlings and 3.9 units for adult plants in BP2. Therefore, the presence of these large effect alleles is highly desirable in breeding populations, because even one of them could enhance the average disease resistance in breeding material from highly susceptible (disease response score of 9) to medium susceptible or medium resistant (with a score of 5-6).
The current study found that SFNB resistance QTL were effective at both seedling and adult plant developmental stages studied, suggesting that selection for resistance at one developmental stage could achieve appropriate levels of resistance at the other stage. A high proportion of QTL (53-77 %) conferred resistance at both stages in BP2, BP3 and BP4, which is consistent with the correlations between phenotypes observed for the two stages in the three breeding populations. Amongst the 29 QTL identified, 22 QTL conferred both seedling and adult resistance across populations. When classifying resistance types for the QTL regions, there were a few exceptions. For instance, although 2 QTL were considered as seedling resistance QTL, one of them (i.e. QRptms2-4) was detected in the adult plant assay in BP2; and 3 out of the 5 QTL conferring adult resistance were also detected at the seedling stage in one population, with QRptma5-2 and QRptma6-4 conferring seedling resistance in BP4 and QRptma5-5 in BP3.
When the same QTL were detected in both seedling and adult plants in the same breeding population, a large proportion of the allele effects were in the same direction. In BP2, all 9 QTL exhibited the same direction of association for the SFNB reactions at the two growth stages. In BP3 and BP4, 11 and 12 QTL, respectively, had the same allele effect direction between seedling and adult plants. Even when two different isolates were used for seedling and adult plant assessments in BP1, 50 % of the QTL still exhibited allele effects in the same direction.
Application of these results for barley breeding
This study identified five highly significant QTL (QRptm3-4, QRptm7-4, QRptm7-6 to 7-8) contributing resistance to SFNB in three populations across seedling and adult plant growth stages; four of them positioned on 7H. This provided evidence to support the concept that alleles for resistance can be accumulated on 7H. However, grouping of breeding lines for analyses based on marker haplotypes in specific regions revealed that selection for one or a few QTL regions alone is not sufficient to provide very high levels of resistance. It is necessary to accumulate some of the small effect QTL to obtain the high levels of resistance, which would be preferred in elite cultivars.
The marker haplotype information generated for individual lines by AM in the barley breeding populations can be used to identify specific lines that are more valuable in subsequent breeding efforts. The haplotypes in genomic regions having large effect QTL can be followed based on identity by descent. Although haplotypes on 7H could provide resistance to SFNB, other QTL would need to be accumulated to achieve high levels of SFNB resistance during cultivar development. Since individuals with various combinations of the QTL can be identified and their accumulative QTL effect on phenotypic scores can be determined, selection of individual lines having better or specific combinations of the QTL for SFNB is possible. Based on marker haplotype profiles near major effect QTL, individual lines can be evaluated for nearby recombinations. Certain donor parents and specific lines would be the preferred sources of major QTL in the ongoing effort to produce high-yielding, locally adapted cultivars with durable resistance to SFNB.
In summary, the genetic architecture of SFNB resistance is contributed by the actions of a complex mixture of major and minor effect genes. The allele effect size of QTL and the majority of same direction of QTL allele effects at seedling and adult plant growth stages, suggested that selection for seedling resistance to SFNB could provide acceptable levels of adult resistance, or vice versa. However, selection strategies need to be considered that facilitate the accumulation of resistance alleles on other chromosomes. In order to confirm whether the genomic region on 7HL contains multiple linked QTL and to understand other haplotypes of this region, further research is required to investigate this region using multiple source lines and to help breeders formulate efficient breeding strategies. 
